ABSTRACT The concentrations of photochemical centers and of plastoquinone were measured in several kinds of photosynthetic membranes by optical difference spectroscopy.
green algal membranes were investigated. No loss of primary photochemical activity occurred during fractionation of the chloroplasts. The results indicated a large variability in the ratio of system II to system I reaction centers (from 0.43 to 3.3) in different photosynthetic membranes. Oxygen-evolving plants may change the ratio of their photosystems in response to environmental light conditions. The amount of photoreducible plastoquinone was also measured at 263 nm. In spinach chloroplasts, seven to eight plastoquinone molecules were found per reaction center of system II. Most of the plastoquinone pool was associated with the grana. However, the ratio of chemically determined plastoquinone to chlorophyll was similar in the grana and stroma thylakoids. Green plant photosynthesis is considered to take place by way of two photoreactions. The trapping of excitation energy by the reaction center of photosystem II (PSII) causes the reduction of the primary electron acceptor, Q, a specialized plastoquinone (PQ) molecule that serves as a one-electron-acceptor (1) (2) (3) (4) (5) . Excitation of the photosystem I (PSI) reaction center causes the oxidation of P700, a special type of chlorophyll (Chl) (6) . The stoichiometric relationship between the two photosystems is generally assumed to be close to unity, although such an assumption has not been thoroughly investigated. On the contrary, there are recent reports in the literature suggesting that at least in blue-green algae (7, 8) and in some tobacco mutants (9) the ratio of PSII to PSI reaction centers deviates significantly from unity. Haehnel (10) reported a functional differentiation within PSI in spinach chloroplasts and a ratio slightly deviating from unity.
In the experiments reported here we determined the number of PSII and PSI reaction centers in different photosynthetic membranes. A spectrophotometric method allowed us to look directly at the reaction center complexes of PSI and PSII by monitoring the concentrations of P700+ and Q-, respectively.
We found wide variations in the ratio of PSII to PSI reaction centers (from 0.43 to 3.3) depending on the plant material, growth conditions, and the kind of chloroplast membrane examined (grana or stroma lamellae). The physiological significance of these variations is discussed. In addition, the amount of photoreducible and total PQ in spinach chloroplasts, grana, and stroma lamellae was measured.
MATERIALS AND METHODS
Chloroplasts were prepared from leaves of spinach (Spinacea oleracea Linnaeus) obtained from a local market, by following the procedure of Sane et al. (11) . The chloroplast pellet was resuspended in 150 mM KCI and 50 mM N-[tris(hydroxymethyl)methyl]glycine (Tricine), pH 7.8, and passed once through an Aminco French pressure cell at 400 kg cm-2 (39 MPa) to disrupt the photosynthetic lamellae. The resulting mixture of membrane fragments was centrifuged at 1000 X g for 10 min to remove unbroken chloroplasts. Subsequent centrifugations at 10,000 X g for 30 min, 40,000 X g for 30 min, and 160,000 X g for 60 min resulted, respectively, in the sedimentation of heavy (grana lamellae, 10,000), intermediate (40, 000) , and light (stroma lamellae plus end membranes of grana, 160,000) fractions (11) which were resuspended in the same medium. The Chl concentrations and Chl a/b ratios were determined according to Mackinney (12) .
Pea chloroplasts were isolated from Pisum satioum Linnaeus plants cultivated in the laboratory. Seven-day-old etiolated pea seedlings were illuminated by cool-white fluorescent lamps at 17 W m-2 either continuously or intermittently (3 hr light, 21 hr dark). Chloroplasts were isolated from the pea leaves on the seventh day of greening.
Photosynthetic membranes from the thermophilic blue-green alga Synechococcus lividus (13) grown at 55°C were isolated by treatment with lysozyme (14) followed by rupture in a French press and centrifugation at 40,000 X g for 1 hr.
The amplitudes of the light-induced absorbance changes at 700, 325, and 263 nm were measured with a split-beam spectrophotometer that was constructed in our laboratory and has a resolution of less than 10-4 AA in the ultraviolet. The reaction mixtures contained 250 ,uM Chl in 5 Our experimental conditions either suppressed or fully eliminated absorbance changes caused by electron transfer components other than those investigated. In the ultraviolet, we have subtracted the contribution of the P700 absorbance change to that of Q and the contribution of the Q absorbance change to that of PQ.
The concentrations of P700, Q, and PQ were calculated from the amplitude of their respective light-induced absorbance change and differential extinction coefficient [Ae = 64 mM-1 cm-1 at 700 nm for P700 (17), 11 mM'1 cm-1 at 325 nm for 310 240 280 Q (3-4), 13 mM'1 cm-1 at 263 nm for PQ (18) ]. The random error involved in our photochemical determinations was estimated with several samples of the same chloroplast preparation and was found to be approximately +15% for measurements of Q and 15% for P700 and PQ. The chemical determination of PQ A in each of the chloroplast fractions was performed according to Bishop and Wong (19) . After PQ had been isolated by thin-layer chromatography, its concentration was measured from the oxidized-minus-reduced absorbance difference at 255 nm, using As = 15 mM' cm-1 (20) . RESULTS
To verify the identity of the light-induced absorbance changes at 263, 325, and 700 nm under our experimental conditions, we measured the light-minus-dark difference spectrum of each change. Fig. 2A shows the absorption difference spectrum caused by the photoreduction of plastoquinone to plastohydroquinone (2) . Fig. 2B shows the difference spectrum of photoreduced Q, which indicates the transition of the primary electron acceptor of PSII to its reduced semiquinone anion form, Q-(2-5). Fig. 2C identifies the well-known light-induced oxidation of the PSI reaction center, P700 (6, 17) . The average distributions of Chl, P700, Q, and PQ in four different grana and stroma membrane preparations from spinach are shown in Table 1 . The data in Table 1 have been normalized to correspond to 100 ,gmol of Chl (a + b) in the chloroplasts. The first line shows the amount of Chl (% of recovery) in the three fractions (10,000, 40,000, and 160,000). In different preparations, we were able to collect 3-11% of the total Chl in the light (160,000) fraction, depending on the extent of breakage by the French press. The second line compares the average Chl a/b ratio of chloroplasts with those values found in the fractions. As expected, the 10,000 (grana) fraction was enriched in Chl b (Chl a/b ranging between 2.1 and 2.4), whereas the 160,000 (stroma and end grana thylakoids) fraction was enriched in Chl a (Chl a/b between 3.2 and 5.0).
The last column in Table 1 shows the total amount (sum) of P700, Q, and PQ recovered in the three fractions. A comparison of the total P700 measured in the fractions with the value for the chloroplasts or homogenate verifies that no loss of primary photochemical activity occurred during the fractionation process. Likewise, the amount of Q recovered in the three fractions is, within experimental error, similar to the Q content of the chloroplasts or homogenate, again indicating that no loss of primary PSII activity occurred during fractionation. Table 1 also shows the calculated average ratios of Chl/P700 and Chl/Q in the different preparations. In agreement with earlier results (11, (21) (22) (23) (24) we found the heavy (10,000) fraction considerably enriched in PSII (Q) and the light (160,000) fraction enriched in PSI (P700). It must be noted that, in chloroplast preparations from spinach purchased at different times of the year, we found a constancy of Chl/P700. However, the Chl/Q ratio was markedly lower during the winter months (a ratio change from 360 in the summer to 208 in the winter). This observation raises the question whether environmental conditions regulate the ratio of the two photoreactions. Nevertheless, regardless of the initial Q and P700 content, we were always able. to obtain a separation and enrichment for PSII and PSI reaction centers in grana and stroma membranes, respectively.
Assuming that for each PSII reaction center there is one primary electron acceptor molecule, Q, one can calculate the ratio of PSII to PSI reaction centers (Q/P700). Fig. 3 shows the PSII/PSI ratio as a function of the Chl a/b ratio for intact chloroplasts and for the 10,000, 40,000, and 160,000 fractions (all isolated from "summer" spinach). In the grana (10,000) fraction, the PSII reaction centers outnumber those of PSI by at least two to one. With increasing Chl a/b, there is a gradual transition to a situation in which the PSI centers are predominant. Thus in the stroma and end thylakoids of the grana (160,000) we have found as many as four PSI centers for every PSII center. These results are important in terms of chloroplast structure and function because they clearly indicate that a one-to-one stoichiometry between PSII and PSI centers is the exception rather than the rule in any membrane group of chloroplast thylakoids from spinach.
In freshly isolated chloroplasts the amount of photoreducible PQ (3.15 ,umol) was about half of the total determined chemically (6.00 ,umol) but nearly the same as the amount of chemically determined, membrane-bound PQ in the grana membranes (3.2 ,mol) ( Table 1 ). It was found that the amount of photoreducible PQ was decreased after French press treatment and differential centrifugation, suggesting detachment of PQ molecules from the electron transport chain (compare in Table  1 the photochemically and chemically determined PQ content). Because the PQ values obtained chemically were from different preparations, they cannot be directly compared with the Chl concentrations of the three fractions in Table 1 The quantitative measurements of PSII and PSI reaction center concentration were extended to developing chloroplasts of peas and photosynthetic membranes of a blue-green alga. Under our greening conditions, the development of the pea chloroplasts is greatly retarded, apparently because of the light-limited rate of Chl biosynthesis (25, 26) . Compared to control chloroplasts, our developing pea plastids had higher Chl a/b ratios ( Table 2 ). In addition, the amount of Chl per reaction center of PSII, PSI, or both was lower. Because the membranes of developing chloroplasts are predominately exposed to the stroma and in view of our results with the stroma membranes of spinach, one might expect such chloroplasts to be enriched in PSI centers; but the opposite wasiobserved. Table 2 shows that in the developing chloroplasts the stoichiometric ratio of PSII to PSI reaction centers was 3.3; i.e. profoundly altered in favor of PSII. However, the same ratio measured in mature pea chloroplasts was only 0.77. A quantitatively similar observation has been reported earlier (9) from tobacco mutant chloroplasts that, like developing chloroplasts, had not synthesized the Chl ab light-harvesting complex.
Finally, photosynthetic membranes isolated from a bluegreen alga were enriched in P700. The stoichiometric ratio of PSII to PSI reaction centers was 0.43, indicating the existence of at least two PSI centers for each PSII center in these organisms (Table 2) . (10) . The rates of electron flow through each photoreaction center will be determined by the number of antenna pigment molecules servicing each center or, in other words, their absorption cross section.
Considering the situation in the stroma membranes, at this point we cannot state with certainty whether the observed low content in PSII is real or represents contamination from the grana. There are reports in the literature indicating the existence of PSII directly exposed to the stroma medium (9, 22, (26) (27) (28) . Possible functions for PSI located in the stroma membranes have been proposed elsewhere (29) .
One interesting result from our work is the unexpected difference in the Q/P700 ratio between developing and mature pea chloroplasts. In the former there is an excess of PSII reaction centers, whereas the ratio is closer to unity in the latter (Table  2) . A similar difference was encountered earlier between chloroplasts from tobacco mutants and wild type (9) . At present it is difficult to point to any single guiding principle with which to understand the significance in the change of the photochemical reaction center ratio. Both in the developing pea (25, 26) and in tobacco mutant chloroplasts, a significant part of the Chl b-containing light-harvesting complex was lacking, and their ultrastructures showed predominantly stroma-exposed thylakoids. Therefore, one might speculate that the higher PSII to PSI reaction center ratio in these chloroplasts is related to the pigment composition, structural alterations, or both. Because these chloroplasts lack the predominantly PSII antenna Chl, they may synthesize a greater number of PSIT reaction centers (having a smaller effective absorption cross section) in order to compensate for the slower turnover of electrons by these units. Alternatively, PSII and PSI units may reside largely in structurally distinct thylakoid membranes or membrane areas. Thus the situation with developing peas and tobacco mutants may reflect the order by which particular chloroplast compartments are synthesized under retarded growth conditions.
The question of the photochemical reaction center ratio in blue-green algae and higher plant chloroplasts along with the thylakoid differentiation into grana and stroma membranes in the latter should be further examined in relation to the photosynthetic electron transport capacity and enzymic content in each case. An evaluation of such information may reveal the importance of having varying ratios of the two photoreactions and, in addition, may increase our understanding of chloroplast structural and functional aspects.
The PQ pool intermediate between the two photosystems is probably of key importance in realizing linear electron transfer. Our results showed ( Table 1 ) that approximately 50% of the quinone molecules in a chloroplast were not membrane bound but were readily released into the medium by French press treatment. A small amount of the membrane-bound PQ was located in the stroma membranes. The functional role of these molecules is not clear at present, and more work in this direction is needed.
